INTRODUCTION {#rrx093s1}
============

After more than a hundred years of radiation research, much is known about the effects of high doses of ionizing radiation on the human body. For stochastic effects such as solid cancers and leukemia, data from the Japanese atomic bomb survivors in Hiroshima and Nagasaki have played a key role in quantifying the risks from external radiation exposure. Because the atomic bomb survivors were exposed to high rather than to low dose rates, however, inference of radiation risk at low doses and low dose rates is still challenging. Furthermore, even after more than six decades of follow-up, radiation risks from several tens of milliGray are still difficult to quantify among this cohort. Estimates of radiation risks at low doses and low dose rates are important, for example for populations living in contaminated areas after nuclear accidents or in high natural background radiation areas, or for radiation protection of individuals occupationally exposed to ionizing radiation.

Recently, the International Commission on Radiological Protection (ICRP) established Task Group 91 to research radiation risk inference for radiological protection purposes at low-dose and low-dose rate exposure, based on cellular, animal and epidemiological studies, and to examine the weight of evidence for and against the continued use of the dose and dose rate effectiveness factor (DDREF) \[[@rrx093C1]\]. This factor was introduced by the ICRP in the 1990s for radiation protection purposes, to extrapolate radiation risks at high doses and high dose rates, where an abundance of data are available, down to low doses and low dose rates, where there is much less human data. The numerical value of the DDREF has been subject to much discussion among various international organizations (reviewed by Rühm *et al.* \[[@rrx093C2]\]). For example, in its Report 103 \[[@rrx093C3]\], ICRP continued to recommend a value of 2 for this factor, emphasizing the considerable uncertainties associated with this value. In contrast, the National Academy of Sciences (NAS, USA), the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) and the German Radiation Protection Commission (SSK) suggested somewhat lower values or to abandon the use of this factor \[[@rrx093C4]--[@rrx093C6]\]. Members of TG91 are currently reviewing the recent scientific literature with particular emphasis on the results of molecular and cellular studies, of animal studies, and of epidemiological studies on human cohorts who have been exposed to ionizing radiation \[[@rrx093C7]\], and the first results have already been published \[[@rrx093C8]--[@rrx093C10]\].

The present paper summarizes the dose rates and corresponding cumulative doses that are typical of the various exposure scenarios in cellular experiments, animal experiments, and exposures of various human cohorts, and the results are compared with doses and dose rates typical of those received by the Japanese atomic bomb survivors. In this context it is important to note that UNSCEAR considers an ionizing radiation dose of \<100 mGy as being low. Additionally, a dose rate of \<0.1 mGy/min averaged over 1 h (corresponding to 6 mGy/h) is considered low \[[@rrx093C11]\].

DOSE RATES AND CORRESPONDING CUMULATIVE DOSES TYPICALLY USED IN CELLULAR EXPERIMENTS {#rrx093s2}
====================================================================================

In cellular and molecular studies relevant to the evaluation of dose- and dose-rate effects, many differing radiation exposure conditions have been used. The majority of studies of dose-rate effect utilize ^60^Co gamma irradiation, but some utilize ^137^Cs gamma irradiation. Low-dose studies, by contrast, tend to be conducted with X-ray sources; though both X- and gamma radiation sources have been used, only a few studies compare X- and gamma-radiation sources.

Among the more sensitive endpoints currently in use are the various chromosomal protein foci assays (γ-H2AX, 53BP1, etc.). The low doses used in most studies are in the range of 1 to a few mGy up to a hundred or more mGy, delivered at a range of dose rates \[for the lower dose range, generally around 1 mGy/min (eg Rothkamm and Löbrich \[[@rrx093C12]\])\]. Endpoints such as chromosomal aberrations and mutations have been assessed at dose rates as low as 20 mGy/d with accumulated doses of 8 Gy \[[@rrx093C13]\]; more commonly dose rates of 1--10 mGy/h are reported with accumulated doses of 0.5 to several Gray (e.g. Okudaira *et al.* \[[@rrx093C14]\]; Manesh *et al.* \[[@rrx093C15]\]). Reference \[[@rrx093C16]\], a review specifically considering cellular and molecular data suitable for dose rate effect evaluation, provides a more extensive summary and tabulation of the irradiation conditions used in the relevant studies.

DOSE RATES AND CORRESPONDING CUMULATIVE DOSES TYPICALLY USED IN ANIMAL EXPERIMENTS {#rrx093s3}
==================================================================================

Several large-scale animal studies have been carried out in the USA, the current EU, Russia, Japan, and other countries from the 1960s until the present, using dogs, mice, rats and a few other species as model systems in order to study the effects of radiation dose and in some cases dose-rate on life-shortening and cancer incidence. To a large extent, these studies are---for financial end ethical reasons---unrepeatable. Archives from some of these experiments are available, for example, at the Janus archive (janus.northwestern.edu/wololab). Few of these animal studies have been included in considerations of radiation risk inference at low doses and low dose rates and DDREF \[[@rrx093C4]\]. For the JANUS gamma-exposed mice, the range of the dose rates was 1.295 × 10^−5^ to 0.378 Gy/min, while for neutron-exposed mice it was 1.5 × 10^−5^ to 0.113 Gy/min \[[@rrx093C17]\]. Cumulative doses for gamma exposure ranged from 0 to 49.0 Gy, and for neutron exposure from 0 to 3.2 Gy \[[@rrx093C17]\].

The European Radiobiological Archives (ERAs) were developed to retain primary data from past large-scale radiobiological animal studies \[[@rrx093C18]\]. The ERAs include information from almost all European long-term studies carried out from the 1960s to the 1990s. From the many European studies included in the ERAs, those that used rodents, X-ray or gamma radiation, and had overall cancer or specific malignancies as an endpoint, are of most relevance to the DDREF discussion. After those studies were excluded for which the relevant information was not available, 25 were left, 6 of which used rats, and 19 used mice. Typically, for gamma radiation, the dose rates were from 1.35 × 10^−3^ to 240 Gy/h, while the dose range was 0.02--68.2 Gy, with a dose of 5.89 Gy averaged over all studies. For X-rays, the dose rates varied from 2 to 60 Gy/h, while the dose range was 0.02--15 Gy, with a dose of 2.88 Gy averaged over all studies.

Recently, a large animal experiment on mice was initiated at the Institute for Environmental Studies at Rokkasho, Aomori prefecture, Japan. The cumulative doses chosen for that study are (i) close to the annual dose limit recommended by ICRP for workers (20 mGy) and (ii) the annual doses astronauts might receive in space (400 mGy). The dose rates chosen are 0.05 mGy/day and 1 mGy/day, respectively. Thus, the typical exposure times of the investigated mice are 400 days starting at an age of 8 weeks. In the experiments, a third group of mice are exposed to a dose rate of 20 mGy/day (with a total cumulative dose of 8000 mGy), serving as a positive control. Irradiation is interrupted for 2 h every day, in order to examine the health condition of each mouse, as well as to supply new bedding, food and water \[[@rrx093C19]\].

DOSE RATES AND CORRESPONDING CUMULATIVE DOSES OF HUMAN COHORTS {#rrx093s4}
==============================================================

Natural exposures {#rrx093s4a}
-----------------

### General population {#rrx093s4a_1}

Ionizing radiation is a natural phenomenon present in the environment due to various natural sources: (i) cosmic radiation from space and from the sun produces secondary particles in the atmosphere such as protons, neutrons, electrons, etc., but also cosmogenic radionuclides such as ^14^C; (ii) primordial radionuclides emitting various sorts of ionizing radiation during their decay have existed---due to their long physical half-lives---on Earth since its formation; and some of their decay products---in particular the radioactive isotopes ^222^Ra and ^220^Ra of the noble gas radon---may reach buildings through diffusion from the Earth's crust. Some of these primordial radionuclides (for example ^40^K) reach the human food chain and, consequently, become part of the human body. As a result, the global annual population-weighted mean effective dose from natural sources of ionizing radiation is \~2.4 mSv \[[@rrx093C20]\]. Because the level of radiation exposure from natural sources depends on various factors such as the soil and rock composition of the land, latitude, altitude, etc., this value varies locally, between 1 and 10 mSv per year \[[@rrx093C20]\]. Thus, populations may be exposed to an annual effective dose of up to 10 mSv per year, corresponding to a dose rate of 1 μSv/h \[[@rrx093C20]\].

For a typical life expectancy of 80 years, the above-mentioned mean annual effective dose results in a mean cumulative effective dose of \~2.4 mSv/year × 80 years = 200 mSv. Due to the regional variation in dose rates, however, cumulative effective doses might be between 80 mSv and 800 mSv.

### Population in high background radiation areas {#rrx093s4a_2}

Several geographical regions of the world, including Yangjiang, China and Kerala, India are known to contain high background radiation areas (HBRAs). Epidemiological studies have focused on these regions to determine whether there are any detrimental health effects such as cancer linked to the natural high background radiation dose rates.

In Karunagappally, Kerala, India, a cancer incidence registry provided data between 1990 and 2005 for about 70 000 adults. This data was used to compare cancer rates between the low background radiation areas and the HBRA there, where the high background exposure was primarily due to external gamma radiation from monazite sand containing thorium \[[@rrx093C21], [@rrx093C22]\]. The cumulative colon dose ranged to over 500 mGy, with a mean cumulative colon dose from terrestrial sources at end of follow-up for the HBRA study group of 161 mGy. Dose rates measured for a randomly selected subset of the cohort ranged to over 10 mGy per year, corresponding to \~1 μGy/h.

A Chinese study on \~31 600 adults was done with data collected from the Yangjiang area of Guangdong province in China, between 1979 and 1998 from the HBRA there, divided into three dose groups (high, medium, low) on the basis of environmental dose rates per year \[[@rrx093C23]\]. The estimated mean cumulative colon doses were 84.8 mGy in the HBRA cohort. Average annual dose rates from external radiation from natural sources, including thorium, were estimated to be 2.10 mSv/year (0.24 μSv/h) in the HBRA and 0.77 mSv/year in the control area \[[@rrx093C24], [@rrx093C25]\].

Occupational exposures {#rrx093s4b}
----------------------

### General considerations {#rrx093s4b_1}

The ICRP most recently recommended \[[@rrx093C3]\] an effective dose of 20 mSv per year as a dose limit for workers dealing with ionizing radiation. Assuming an annual working time of 2000 h, and that the occupational exposure is homogeneously distributed over the working year, a worker reaching this annual dose limit might be continuously exposed to a dose rate of up to 10 μSv per working hour. It is important to emphasize, however, that in most cases the annual dose limit of 20 mSv per year will not be reached, due to effective radiation protection measures. For example, in a recently reported pooled international nuclear workers cohort, the mean cumulative colon dose, over all years of work to date, was 20.9 mGy, and the maximum 1331.7 mGy \[[@rrx093C26]\]. With a mean length of work of 12 years, a mean dose rate of 1.7 mGy/year follows (corresponding to 0.9 μGy/h if an annual working time of 2000 h is assumed).

If one considers a worker who is occupationally exposed during a whole career (which may last for 40 years) to an effective dose close to the dose limit, a life-time effective dose of 40 × 20 mSv = 800 mSv would accumulate; however, as noted above, this is only rarely, if ever, the case. In Germany, a limit for the life-time cumulative occupational effective dose of 400 mSv has been introduced \[[@rrx093C27]\].

It is also important to note that individual workers---depending on their profession---might have accumulated their recorded doses in a much shorter time. Thus, although the assumption of a continuous exposure over the whole working time is more or less realistic for some occupations (e.g. air crew), it may not always hold for others (e.g. nuclear workers). In such cases, dose rates higher than estimated might occur.

### Air crew {#rrx093s4b_2}

In Germany, for example, the average annual occupational effective dose to air crew was 1.9 mSv, in 2012 \[[@rrx093C28]\]. Maximum allowed flight hours for air crew are typically \~900 h per year, and some individuals accumulate up to 5 mSv per year or more. Assuming a maximum of \~40 working years, cumulative career doses of up to 200 mSv can therefore not be excluded. In such cases, mean effective dose rates of \~5--6 μSv/h can accumulate, which is consistent with typical dose rates at flight altitudes from secondary cosmic radiation of 2--7 μSv/h depending on altitude, latitude, and solar activity \[[@rrx093C29], [@rrx093C30]\]. Astronauts are exposed to highly variable radiation fields, depending on whether or not they are exposed in near-earth orbit (NEO), when they would be largely protected by the Earth's Van Allen magnetic fields \[[@rrx093C31]\]. However, even the Apollo astronauts, some of whom were exposed in deep space, had an average film badge dose of 4.3 mGy, with a mean dose rate of 0.43 mGy/day \[[@rrx093C31]\].

### Nuclear workers {#rrx093s4b_3}

In a recent meta-analysis of cohorts exposed to low dose rates of ionizing radiation, Shore and co-workers performed a review of recent epidemiological studies including workers employed in nuclear installations \[[@rrx093C10]\]. Typical cumulative effective doses (for workers in nuclear installations excluding the Russian Mayak Production Association (PA) (see below) are in the range of 6 (Australian nuclear workers) to 36 mSv (Rocky Flats plutonium facility). Although mean durations of exposure are not always explicitly given, typical effective dose rates are 1--2 mSv/year.

### Mayak workers {#rrx093s4b_4}

Immediately after the Second World War, the Soviet Union intensified their efforts to develop nuclear weapons. Accordingly, in the Southern Urals the Mayak PA was established, including nuclear reactors, radiochemical and plutonium production facilities, and auxiliary units. Workers there were exposed externally, and internally due to incorporation of radioisotopes such as those of plutonium. Exposures, as estimated based on the Mayak Workers Dosimetry System 2008 \[[@rrx093C32], [@rrx093C33]\], were particularly high during the first years of operation, resulting in mean personal dose equivalent \[H~p~(10)\]---dose equivalent at a depth of 10 mm in the human body at the position where an individual dosimeter is worn, as defined by the International Committee on Radiation Units and Measurements \[[@rrx093C34]\]---values of \~300 mGy per year from external exposure during the years 1949--1952 \[[@rrx093C35]\] (corresponding to dose rates of \~150 μGy/h if continuous exposure during 2000 working hours per year is assumed). Note, however, that individual workers might have accumulated their doses in much shorter times, particularly during the early phase of Mayak operation, resulting in higher than estimated dose rates, up to several mGy per second \[[@rrx093C36]\].

Similarly, annual absorbed internal doses from plutonium incorporation reached more than a 15 mGy liver dose during the years 1953--1958 \[[@rrx093C37]\]. If it is assumed that this annual dose is continuously irradiating the organ during the whole year, this corresponds to typical absorbed dose rates of 1.7 μGy/h. Incorporation of radionuclides by Mayak workers decreased over the decades of Mayak operation. However, it should be highlighted that the dose in any one year is not just dependent on the incorporation in that year but also on the incorporation in previous years.

The mean cumulative external gamma H~p~(10) dose is 0.51 Gy, with a maximum of 6.8 Gy \[[@rrx093C35]\]. The mean cumulative internal liver dose, largely from alpha-particle exposure, is 0.31 Gy, with a maximum of 36 Gy \[[@rrx093C35]\]. This compares with average annual effective doses of up to 1000 mGy recorded in the late 1940s, as reported by \[[@rrx093C38]\]. During 1948--1953, when doses to Mayak workers were the highest, the unshielded dosimeters had significant variability in photon energy dependence and angular response, and bias by high-energy beta exposures provided overestimates of doses for workers in some settings. Efforts were made to correct for those estimation biases, but such corrections likely had substantial uncertainties \[[@rrx093C33], [@rrx093C38]\]. In addition, before 1957 unmeasured intermediate and fast neutrons were thought to have contributed 10--15% of the total dose \[[@rrx093C36]\]. These uncertainties temper the cumulative dose and dose-rate estimates.

### Chernobyl workers {#rrx093s4b_5}

After the Chernobyl accident, large areas in the near and far field from the reactor site were contaminated by a variety of radionuclides from the reactor inventory. In the aftermath, considerable efforts were made to clean up the reactor site and adjacent areas. Cohorts of workers engaged in these efforts include \>53 000 individuals employed for this work from 26 April 1986 until 25 April 1987, \>31 000 individuals from 26 April 1987 until 31 January 1988, and \~21 400 individuals from 1 February 1988 until 31 December 1990. Mean accumulated doses correspond to 161 mGy, 81 mGy and 35 mGy, respectively. However, doses to certain small groups of workers in certain specific periods were much higher, in excess of 500 mGy \[[@rrx093C38]\]. Based on these doses, it was estimated that daily average doses of those individuals correspond to 7.6 mGy/day (320 μGy/h), 4.7 mGy/day (200 μGy/h) and 2.6 mGy/day (110 μGy/h), respectively, if one assumes continuous exposure over the whole day \[[@rrx093C39]\].

### Windscale accident workers {#rrx093s4b_6}

The Windscale reactors, also called 'Piles', used uranium metal as fuel, were moderated by graphite, and were air-cooled. Their main purpose was the production of plutonium for the UK atomic weapons program \[[@rrx093C40]\]. Pile No. 1, on which the accident mentioned below happened, was operational in October 1950 \[[@rrx093C41]\]. Unfortunately, a fire broke out in the reactor core on 10 October 1957, resulting in a partial core meltdown \[[@rrx093C40]\]. McGeoghegan and Binks \[[@rrx093C42]\] documented the recorded external doses of the 471 workers who were involved in Windscale fire activities. For October 1957, the median dose was 3.52 mSv, and the maximum dose was 43.93 mSv \[[@rrx093C42]\].

Populations exposed to man-made contamination {#rrx093s4c}
---------------------------------------------

### Techa River population exposure in the Southern Urals {#rrx093s4c_1}

In the early phase of the Soviet Union's weapons program, liquid radioactive waste produced in the course of the program at the Mayak PA was released into the nearby Techa River. As a consequence, the population living in downstream villages was exposed to ionizing radiation, either externally or internally through radionuclide incorporation. The releases began in 1949 and peaked in the early 1950s. Based on the currently used Techa River Dosimetry System (TRDS) 2009, mean annual external doses to the red bone marrow (RBM) were highest in 1951, reaching almost 40 mGy, with maximum individual annual RBM doses reaching \~220 mGy. This would correspond---if the dose was continuously spread over the year---to a mean RBM dose rate of 4.3 μGy/h, with maximum individual values up to 25 μGy/h. As for internal RBM doses, mean annual doses were highest in 1951, with a mean value of 125 mGy and a maximum individual value of 2700 mGy, corresponding to dose rates of 14 μGy/h and 340 μGy/h, respectively. Mean cumulative RBM doses were 400 mGy, with individual doses up to 9000 mGy. These doses were used to quantify radiation-induced leukemia risks (e.g. Krestinina *et al.* \[[@rrx093C43]\]; M Degteva, priv. comm). A new dosimetry version (TRDS-2017) will provide further refinement of the doses and dose rates.

### Population exposure after the Fukushima accident {#rrx093s4c_2}

During the Fukushima accident, considerable amounts of radionuclides---mainly radiocesium and radioiodine---were released into the environment. Among them were ^137^Cs and ^131^I, with estimated ranges of activities released into the atmosphere of 6--20 and 100--500 PBq, respectively. Other radionuclides released were less important in terms of their contribution to the human dose \[[@rrx093C44]--[@rrx093C46]\]. Adult members of the public in Japan who were not evacuated after the Fukushima accident, but continued to live in Fukushima prefecture, might have accumulated on average up to 4.3 mSv effective dose and up to 17 mGy thyroid dose, during the first year \[[@rrx093C44]\].

Individuals who lived within the 20 km evacuation zone or the deliberate evacuation area, received higher effective doses, but \<10 mSv. For example, inhabitants of 'precautionary evacuated settlements' received up to 2.2 mSv effective dose before and during evacuation, while those of deliberately evacuated settlements received up to 8.5 mSv \[[@rrx093C44]\]. 'Precautionary evacuated settlements' refers to the evacuations instructed 12--15 March 2011 as an urgent protective measure. Thus, inhabitants of these settlements received their 2.2 mSv effective dose within a mean period of \~2 days. 'Deliberate evacuation' refers to evacuations performed between late March and 21 June 2011. Taking the 102 days between 11 March and 21 June, the average time after the accident for those deliberately evacuated was 51 days.

During the Fukushima accident, a maximum ambient dose rate of 12 mGy/h was automatically measured on 15 March at the main gate of the nuclear power plant. Measurements recorded by other automatic monitoring stations on site were generally lower. However, surveys performed between 20 March and 23 March indicated local spots with much higher dose rates \[[@rrx093C44]\]. In contrast, extensive measurements of ambient dose rate made at numerous locations outside the plant indicated much lower dose rates. For example, ambient dose rates reached \~25 μGy/h between 12 March 12 and 17 March, at Fukushima and Minamisoma, and continuously decreased thereafter \[[@rrx093C44]\]. These and other results suggest that typical dose rates to the population after the Fukushima accident were low (according to the UNSCEAR definition mentioned above).

Exposures after the A-bomb explosions over Japan {#rrx093s4d}
------------------------------------------------

When the atomic bombs were dropped over Japan in August 1945, \~340 000 inhabitants were affected in Hiroshima. About 140 000 of these inhabitants had died by the end of 1945, due to blast wave, fire or radiation exposure. In Nagasaki, out of 270 000 inhabitants who stayed in the city at the time of the explosion, \~70 000 had died by end of 1945, for the same reasons.

As a result of the explosions, the populations of both cities were exposed to gamma and neutron radiation. For those who were close to the hypocenters, total kerma free-in-air (FIA) was up to 35 Gy of neutrons and 120 Gy of gamma-rays in Hiroshima (19 Gy and 328 Gy, respectively, in Nagasaki) \[[@rrx093C47]\]. Without heavy shielding and/or proper medical treatment, exposure to such dose levels is lethal (the LD~50~ dose for humans is \~3--4 Gy, which is the dose at which \~50% of exposed individuals will die without proper medical treatment \[[@rrx093C48]\]). For Hiroshima and Nagasaki, the FIA kerma reached levels of 4.5 and 8.7 Gy at 1000 m from the hypocenters. Beginning at this distance it was possible to survive 1) in the open, 2) inside wooden houses, and 3) outside but partially shielded by wooden houses (if one did not succumb to thermal injuries to exposed skin or blast injuries) and, accordingly, the cohort of A-bomb survivors which has been investigated for radiation-induced late-effects were mostly exposed at distances larger than \~1000 m from the hypocenters. Thus, cumulative gamma and neutron FIA kerma values for the A-bomb survivors span a dose range of a few milliGray or less \[for those who were far away from the hypocenters at the time of bombing (ATB)\] to several Gy (for those who were at distances of \~1000 m from the hypocenters ATB \[[@rrx093C49], [@rrx093C50]\]. A small number of survivors included in the risk studies, likely closer than 1000 m and supposedly not protected by heavy shielding (\~280), have estimates of total shielded kerma of \>4 Gy, ranging up to several tens of Gray, but these estimates are truncated to 4 Gy. Other survivors with 'heavy shielding' are not included in the risk estimation, because their doses cannot yet be calculated accurately. Some of the heavily shielded survivors were located even closer to the hypocenter ATB.

The emitted radiation consisted of five major components listed at the time the survivor was exposed: prompt primary gamma radiation, prompt neutron radiation, prompt secondary gamma radiation, delayed gamma radiation, and delayed neutron radiation. Prompt primary gamma and neutron radiation from the fission processes occurring during the explosions were emitted within \<1 μs after detonation, while the bombs were structurally still intact, and reached the ground almost immediately (within less than \~1 μs for photons, and less than \~10 μs for neutrons) \[[@rrx093C47]\]. As these emissions ceased when the fissioning material had thermally expanded just enough to go subcritical and was no longer able to sustain the chain reaction, the duration of these emissions was less than \~1 μs \[[@rrx093C51]\]. Note that prompt gamma radiation also included secondary gamma radiation produced by prompt neutrons interacting with the atmosphere and the soil. This was from inelastic scattering of fast neutrons up until 100 μs, and from thermal neutron capture in air and ground, ending at \~0.2 s. For simplification, the average dose rate is defined over the duration of each component, even though dose rates decrease substantially towards the end of its duration. For Hiroshima at 1000 m from the hypocenter, where prompt primary gamma radiation kerma with no shielding was \~70 mGy, and at 2000 m \~2 mGy, typical dose rates were between 70 mGy/1 μs = 7 × 10^4^ Gy/s and 2 mGy/1 μs = 2 × 10^3^ Gy/s (assuming a spread in time of the gamma pulse at the ground of 1 μs) (\[[@rrx093C46]\], chapter 3, Table 11). For prompt neutrons, FIA kerma was \~0.24 Gy at 1000 m and 0.4 mGy at 2000 m, corresponding to dose rates of between 0.24 Gy/10 μs = 2.4 × 10^4^ Gy/s and 0.4 mGy/10 μs = 40 Gy/s (assuming that the spread in time of fast neutrons reaching the ground is also of the order of 10 μs). Finally, for prompt secondary gamma radiation, FIA kerma was \~1.38 Gy at 1000 m and 35 mGy at 2000 m, corresponding to dose rates of between 1.38 Gy/0.2 s = 6.9 Gy/s and 34 mGy/0.2 s = 0.17 Gy/s (assuming that the spread in time of the thermal neutrons being captured in the air and ground ends at 0.2 s) \[[@rrx093C51]\]. Since survivors typically had their doses reduced by a factor of \~0.4 by shielding from houses, whether they were inside or outside, the shielded doses and dose rates were correspondingly smaller.

Delayed gamma rays and neutrons originated from fission products in the fireball. The ground-level arrival of delayed radiation is governed by the development of the ground-reflected fireball with time, which in turn is influenced by atmospheric rearrangements, due to changes in air temperature and density (pressure) during the explosions. The delayed radiation dose rate received at ground level was at first almost constant, because the fireball expanded while the fission products decayed. After a few seconds, the overall dose rate decreased rapidly as the fireball rose into the upper atmosphere due to the ground-reflected shockwave and thermal convection. Typically, and for Hiroshima at a distance from the hypocenter of 1500 m, exposure due to the delayed gamma and neutron radiation was not much longer than 10 s \[[@rrx093C57]\]. For a distance of 1000 m and a FIA kerma from delayed gamma rays with no shielding of 2.77 Gy and from delayed neutrons of 17.7 mGy, corresponding dose rates were of the order of 2.77 × 10^−1^ Gy/s for gamma rays, and 1.77 × 10^−3^ Gy/s for neutrons (assuming an exposure time of 10 s). At a distance of 2000 m from the hypocenter, the corresponding dose rates were 3.96 × 10^−2^ Gy/10 s = 3.96 × 10^−3^ Gy/s and 1.24 × 10^−5^ Gy/10 s = 1.24 × 10^−6^ Gy/s. Again, these numbers were typically reduced somewhat by shielding.

To summarize the previous two sections, at a distance of 1000 m from the hypocenter in the open in Hiroshima, delayed gamma radiation dominated FIA kerma (2.77 Gy), followed by prompt secondary gamma radiation (1.38 Gy) and prompt primary gamma radiation (0.071 Gy), followed by prompt neutrons (0.24 Gy) and delayed neutrons (0.0177 Gy) (\[[@rrx093C47]\], Chapter 3, Table 11). The corresponding values for Nagasaki are 4.61 Gy, 2.48 Gy, 1.52 Gy, 0.098 Gy and 0.026 Gy, respectively (\[[@rrx093C47]\], Chapter 3, Table 13). Therefore, the total gamma FIA kerma by far exceeded that from neutrons. Note, however, that if neutron doses are weighted by a factor 10, to take account of the relative biological effectiveness of neutron compared with gamma radiation (as done in recent analyses of cancer mortality and incidence among atomic bomb survivors \[[@rrx093C52], [@rrx093C53]\], the FIA neutron radiation at \~1000 m in Hiroshima becomes nearly half as important as the gamma radiation, but this importance is reduced for dose to the survivor\'s organs, which are shielded by body tissue, as neutrons are far more strongly absorbed by tissue than gamma-rays, or as distance to the hypocenter increases, as the neutron/gamma ratio in the FIA radiation decreased rapidly with distance from the hypocenter. We note also that the evidence for higher values for the relative biological effectiveness of neutrons in Hiroshima and Nagasaki has been emphasized \[[@rrx093C54]--[@rrx093C56]\].

The estimates given above do not include gamma radiation originating from neutron activation of the ground, which dominates the dose of those 'early entrants' who entered the cities immediately after the bombing (i.e. well after 1 min and therefore after the prompt and delayed irradiation from the bombs and the fission debris in the fireballs). Imanaka and co-workers estimated ground dose rates of 6 and 4 Gy/h (1.7 × 10^−3^ Gy/s and 1.1 × 10^−3^ Gy/s) at the hypocenter at 1 min after the explosion in Hiroshima and Nagasaki, respectively \[[@rrx093C57]\]. These dose rates had decreased rapidly, by a factor of 1000, 1 day later, and by a factor of 1 million 1 week later (more rapidly than fission product decay). Imanaka *et al.* \[[@rrx093C58]\] calculated doses ranging from 2.6 to 24 mGy for four early entrants whose time-and-location data were established by detailed interviews, and who passed close to the hypocenter in Hiroshima on the day of the bombing or the next day. Doses and health effects from this or other residual radiations are not discussed in more detail in the present review, given the fact that these are currently being re-evaluated \[[@rrx093C59]\].

SUMMARY AND CONCLUSIONS {#rrx093s5}
=======================

Table [1](#rrx093TB1){ref-type="table"} summarizes the values for cumulative doses and dose rates estimated for various exposure scenarios. For comparison, Table [2](#rrx093TB2){ref-type="table"} summarizes cumulative doses and dose rates estimated for the A-bomb survivors in Hiroshima and Nagasaki, Japan. Table 1.Summary of dose rates and cumulated doses as estimated in the present studySamples/Animals/Human cohortsMean dose rate (range)^a^Cumulative doseReferenceDose quantityRemark**Cellular experiments**1000--60 000 μGy/h1 mGy--8 Gy\[[@rrx093C16]\]Absorbed doseVarious endpoints including chromosome protein foci assays, chromosomal aberrations, and mutations**Animal experiments** Mice780 μGy/h--22.6 Gy/h0--49 Gy\[[@rrx093C17]\]Absorbed doseUS Janus database Rats/mice1350 μGy/h--240 Gy/h20 mGy--68.2 Gy\[[@rrx093C18]\]Absorbed doseEuropean ERA data base Mice2, 42, 830 μGy/h20, 400, 8000 mGy\[[@rrx093C19]\]Absorbed doseJapanese IES experiment**Human cohorts** General population0.3 (0.1--1) μSv/h192 (80 800) mSv\[[@rrx093C20]\]Effective doseCalculated from annual effective dose for world population; cumulative life-time doses assume an age of 80 years HRBA population, India\<1 μGy/h161 mGy\[[@rrx093C22]\]Absorbed dose to colonMean dose for cohort; dose rate estimate based on measurement of a randomly selected subset of the cohort HRBA population, China\<0.24 μSv/h84.4 mGy\[[@rrx093C23]--[@rrx093C25]\]Absorbed dose to colon; effective dose rateMean colon dose for HRBA cohort; dose rate estimate based on Yuan *et al.* \[[@rrx093C25]\], Morishima *et al.* \[[@rrx093C24]\] Air crew2 (\<6) μSv/h\<200 mSv\[[@rrx093C28]--[@rrx093C30]\]Effective doseDose rate estimate based on mean annual effective dose and assumed 900 flight hours per years; cumulative dose assumes 40 years of work Astronauts\~18 μGy/h4.3 mSv\[[@rrx093C31]\]H~p~(10), film badgeDose rate and cumulative dose for 10 days Apollo mission Mayak workers\<150 μGy/h510 (0--6800) mGy\[[@rrx093C35]\]H~p~(10), film badgeDose rate estimated based on annual dose and assuming 2000 working hours per year Chernobyl clean-up workers320 μGy/h160 mGy\[[@rrx093C39]\]H~p~(10), film badgeDose rate and cumulative dose for the first year after the accident; dose rate calculated based on individual time of employment and assumed continuous exposure Windscale workers3.5 (\<43.9) mSv\[[@rrx093C42]\]Effective dose Techa populationExternal: 4.3 (\<25) μGy/hInternal: 14 (\<340) μGy/h400 (0--9000) mGy (external + internal)\[[@rrx093C43]\]; M Degteva, priv. comm.Red bone marrow doseDose rate estimates based on highest annual dose (in 1951) assuming chronic exposure Fukushima: prefecture, not evacuated\<4.3 mSv (during first year)\[[@rrx093C44]\]Effective dose Fukushima: precautionary evacuated settlements\<2 mSv (before and during evacuation) Fukushima: deliberately evacuated settlements\<8.5 mSv[^1]Table 2.Summary of dose rates and cumulative doses as estimated for the Japanese A-bomb survivorsCohortMean dose rate (range)Cumulative doseReferenceDose quantityRemarkLSS A-bomb survivors, all radiation sources114 mGy (0--3388 mGy)Based on Cullings *et al.* \[[@rrx093C50]\]Weighted colon doseAll numbers for Hiroshima; similar estimates hold for NagasakiLSS A-bomb survivors: prompt radiationPrim. γ, 1000 m: 7 × 10^4^ Gy/sPrim. γ, 2000 m: 2 × 10^3^ Gy/sSec. γ, 1000 m: 6.9 Gy/sSec. γ at 2000 m: 0.17 Gy/sn at 1000 m: 2.4 × 10^4^ Gy/sn at 2000 m: 40 Gy/s70 mGy2 mGy1.38 Gy35 mGy240 mGy0.4 mGy\[[@rrx093C47], [@rrx093C51]\]Kerma free-in-airAll numbers for Hiroshima; similar estimates hold for Nagasaki;prompt primary gamma pulse assumed to last 1 μs;Prompt secondary gamma pulse assumed to last 0.2 s;prompt neutron pulse assumed to last 10 μsLSS A-bomb survivors: delayed radiationγ at 1000 m: 2.77 × 10^−1^ Gy/sγ at 2000 m: 3.96 × 10^−3^ Gy/sn at 1000 m: 1.77 × 10^−3^ Gy/sn at 2000 m: 1.24 × 10^−6^ Gy/s2.77 Gy39.6 mGy17.7 mGy0.0124 mGy\[[@rrx093C47], [@rrx093C51]\]Kerma free-in-airAll numbers for Hiroshima; similar estimates hold for Nagasaki;exposure due to delayed radiation assumed to last for 10 s.Hiroshima, early entrants\<24 mGy\[[@rrx093C58]\]Kerma free-in-airEstimates for Hiroshima, based on four example cases \[[@rrx093C58]\]; doses received within a few hours or days[^2]

It is clear from Table [1](#rrx093TB1){ref-type="table"} that the experimental studies include dose rates and doses that span a wide range of values, and very often exceed the ranges typical for human exposures, as well as the ranges described by UNSCEAR as low dose rates and doses. We note, however, that the animal experiments previously and currently performed in Japan were designed to include values for dose rates and doses that are typical of some radiation protection scenarios. Exposures to very low dose-rates on a daily basis often involve higher accumulated doses; exposure facilities capable of carrying out these low dose-rate exposures are not commonly found, and this limits the number and type of such studies that can be performed.

Therefore, data from experimental studies (on cells or animals) have often been obtained at radiation doses and dose rates that are not typical of exposure scenarios relevant to radiation protection. Thus, extrapolation of radiation-induced effects obtained in these studies to humans for application in radiation protection should be done with care.

In contrast, most of the low-dose-rate epidemiological studies listed in Table [1](#rrx093TB1){ref-type="table"} have dose rates directly relevant to radiation protection considerations and provide an important complement to the A-bomb survivor studies. The total dose rates received by the majority of exposed A-bomb survivors (at a distance of \<2000 m from the hypocenters) due to prompt and delayed gamma and neutron radiation were much larger (in part because of the very short pulse duration) than those received by any other human cohort listed in Table [1](#rrx093TB1){ref-type="table"}. A comparison of cancer risk estimates from these cohorts with those from the A-bomb survivors, as recently described in \[[@rrx093C10]\], thus provides valuable information on the magnitudes and ranges of uncertainties in dose-rate effects relevant to human cancer risks after exposure to ionizing radiation. The study accounted for variations among studies in the distributions with respect to sex, ages at exposure and at observation, as well as in differences in types of dosimetry and study outcomes. The results---which particularly reflected a difference in risk estimates between the two most statistically influential studies, the Mayak and INWORKS studies---had a range of uncertainty between no reduction and a 2-fold reduction in excess risk per unit dose for the low-dose-rate studies compared with the A-bomb study excess risk.
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[^1]: HBRA = high background radiation area; H~p~(10) = personal dose equivalent; LSS = Life Span Study; ^a^doses rates are given in units of μGy/h or Gy/h, for ease of comparison; priv. comm. = private communication. Note: UNSCEAR considers a dose rate of \<6000 μGy/h, and a dose of \<100 mGy as being low \[[@rrx093C11]\]. Note also that individual workers---depending on their profession---might have accumulated their recorded doses in a shorter time, i.e. that the assumption of continuous exposure over the whole working time may not always hold. In such cases, dose rates higher than estimated might have occurred.

[^2]: LSS = Life Span Study; Prim. = primary; Sec. = secondary; dose rates are not given in terms of dose per hour as in Table [1](#rrx093TB1){ref-type="table"}, because exposure times due to the explosions over Hiroshima and Nagasaki were much shorter than 1 h; actual duration of radiation pulse for various sources of radiation is given in the last column.
